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Abstract: Mud and gravel deposition often occurs in circulation systems of pumps. In this paper, a liquid-solid 
coupling method combining CFD and DEM is proposed to study two-phase flow behavior of water, The flow 
characteristics of water-clay mud and the motion characteristics of gravel were simulated under different 
discharge pipe bending radii and geometry shape conditions. Numerical results showed that for a circular cross 
section pipe with a fixed bending radius, the collision times between the gravel particles and the pipe wall 
decreased with the increase of the bending radius.  
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1 Introduction 
In recent years, shield machines have been widely used in tunnel excavation engineering project, along with 
the acceleration of urban constructions particularly in China. Among those existing shield machines, the slurry 
shield excavator is often used in non-mountainous urban rail transit constructions because of its minimal 
disturbance to the ground and the soil near the excavation surface during the operation. 
At present, significant advancements have been achieved in the research and development of shield tunneling 
machines by scientists and engineers around the world. For example, Huo et al.[1] and Li et al.[2] analyzed the 
mechanical properties of the cutterhead of the shield machine，and optimized the cutterhead to significantly reduce 
the equivalent stress and deformation of the cutterhead; Shi et al.[3] analyzed the torque of cutterhead of the EPB 
shield machine, and found that the cutter opening and earth pressure are two important factors affecting torque of 
the cutter; Qi et al.[4] studied the rock breaking process of the cutter of the road header, and determined the optimal 
knife spacing of the rock; Moeinossadat et al. [5], Zhu、Li[6] and Li et al. [7] studied the surface subsidence caused 
by shield tunneling, and proposed effective methods for predicting surface settlement; Ooishi et al. [8] developed a 
shield bulldozer measuring device to facilitate accurate measurement of the discharged muck; Shi et al. [9-10] and 
Yang et al. [11] analyzed the energy conservation of the shield machine system to reduce the energy loss of the 
shield machine; Yang et al. [12-13] ，Wang et al. [14-15]， Zhang et al. [16] and Zhao et al. [17] studied the dynamics of 
the shield thruster system which is helpful for the in-depth study of the dynamic characteristics of the shield thrust 
system; 
Because the shield machine is large-scale equipment and its working environment is varying and also 
complicated during the underground excavation process. Qin and Xia[18] calculated the pressure loss of the shield 
system of mud circulation, and determined the head of the slag pump; Zhai et al. [19] studied the rheological 
properties of slurry used in slurry shields, and obtained a bentonite slurry with better comprehensive performance; 
Bie et al. [20] studied the formation mechanism of slurry jam in shield machine and proposed a solution, and finally 
solved the problem of cutterhead and knife blockage; Dong[21] studied the wear conditions and damping 
technologies of mud water pipelines，improved the wear resistance of pipelines and reduced the vibration of 
pipelines; Wang and Zhong[22] analyzed the influence of slurry from the slag removal efficiency team of the slurry 
separation system，and proved that the mud screening efficiency is very important for the mud circulation system.; 
Zhou et al. [23] conducted experimental research on backfill grouting for large borehole slurry shield tunnels，so 
that the discharged soil can be recycled as a grouting material for the sand layer, reducing construction costs. 
Despite of many researches focused on the shield machine as mentioned above, to the authors’ knowledge, 
there is very little working progress made on the mud circulation system in the slurry shield machines. The 
transport characteristics of the mud circulation system and its capability to carry muck are very important for the 
shield machine. If the circulation system has an undesirable ability, the muck in the shield machine will not be 
able to be carried and discharged in time. This can lead to the pipe being blocked, the machine being shut down 
and operation being stopped, etc.  The consequence of financial impacts and losses will be at massive scale in 
most cases. Therefore, there is an urgent need to study the circulation system of the slurry shield machine and to 
improve the circulation system design performance of the slurry shield to reduce the probability of the clogging of 
the pipe. 
In this paper, a generic slurry shield machine is used as an object to study its circulation system performance. 
Based on the overall analysis of the circulation systems of the shield machine, a section of the redirection ducts is 
chosen to evaluate the motion characteristics of the mud and the deposits in different shapes of the pipe bending. 
According to the obtained calculation results, the most favorable pipe bending shape for efficient discharging and 
slagging will be identified to provide the baseline reference for the sponsored company to further optimizate 
design of the shield machines. 
 
2 Mathematical models 
In this study, the discrete element software (EDEM) and the CFD slurry flow model supported by ANSYS 
Fluent are used to conduct the solid-fluid two-phase coupling simulation and analysis. The following introduce the 
theoretical models used for CFD simulation. 
 
2.1 Fluid motion equations 
Any fluid flow problem must satisfy the conservation of mass equation. That is if a closed area is taken in the 
flow field, the difference between the fluid mass flowing into and out of the surfaces of this so-called control 
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In equation (1), V represents the control volume; A represents the control surfaces. The differential form in 
the Cartesian coordinates is as follows: 
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where ρ is the density of the mud, u, v, w are velocity components, t is time, x, y, z are Cartesian coordinates, 
respectively. 
In the process of fluid motion, the fluid meets the conservation law of mass and at the same time it should 
satisfy the physical law of the conservation of momentum. Thus, muddy fluid continuity and momentum 
equations are: 
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where ,dci dc di
d
F F= − . 
In the equations (3) and (4): p represents the total pressure of the fluid phase and the particle 
phase;
c represents the mass density of the fluid phase; g denotes the acceleration of gravity; ci% and cj% indicate the 
turbulent viscosity coefficient of the fluid phase;
c represents the fluid phase volume fraction; cij% represents the 
fluid phase viscous stress;
c c ci cj     represents the fluid phase Reynolds stress; ,dc diF  represents the resistance of the 
fluid phase to the particle phase. 
The continuity and momentum equations of the solid particle phase (e.g. gravel) are: 
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In the equations (5) and (6), dp represents the solid pressure caused by collisions between the 
particles; d represents the mass density of the particulate phase; ig represents the acceleration of the particle 
phase; di% and dj% represent the turbulent viscosity coefficient of the particle phase; d represents the volume fraction 
of the particle phase;
dji% represents sand viscous stress caused by particle collisions and positional 
shifts;
d d di dj     represents the Reynolds stress of the particle phase; ,sd iF represents the collision resistance between 
the particle phase d and the particle phase s; dc represents the total pressure of the fluid and particulate 
phases; ds represents the total pressure of the fluid and particulate phases; 
The turbulence intensity is at moderate level for the fluid flow in the pipe. Using the standard two-equation 
k-ε turbulence model, the governing equations for turbulence kinetic energy (k) and turbulence dissipation rate (ε) 
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where k is the turbulence kinetic energy; εis the turbulence dissipation rate; 
2 /mK c k = is the vertical 
eddy current coefficient; 0.09c = ; 1 1.44c = ; 2 1.92c = ; 1.00k = and 1.30 = . 
 
2.2 Mud-particle interactions 
During the process of slag removal in the slurry shield machine, the slag particles generate motion due to the 
effect of the mud. When the particles move along the pipe, the motion will be affected by the particle force acting 
on the slurry. This will be equal to the surface and the buoyancy forces of the slurry flow acting on the particles 
based on Newton’s third law (note that here we ignore the influence of micro forces such as differential pressure 
force and the virtual mass force of the particle motion). Therefore, when a single particle is not in contact with the 
pipe wall, there are mainly three forces affect its motion in a pipe, i.e. the force exerted by the slurry, the 
buoyancy generated by the slurry, and the gravity force of particle itself. However, once the particles contact the 
pipe wall, there are two additional forces related to the frictional resistance and the collision reaction force against 
the pipe wall. 
The buoyancy force of particles is: 
F gV=   ,           (8) 
where  is the density of the mud; g is the acceleration of gravity; V is the mud volume discharged by the 
particles, respectively. 
There is no universal expression of the drag force generated by the muddy flow on the gravel particles. In 
this study, the formula of drag force suggested by the Di Felice [24] is adopted as follows: 
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where d  is the diameter of the solid particle;
fU is the moving speed of the mud; pU is the moving speed of 
the solid particle;  is the porosity of the solid particle aggregate; C  is the drag coefficient, and it is a function of 
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In the equation (10), μ is the hydrodynamic viscosity coefficient. Because of the drag force F formula, ( )f  is 
related to the porosity. Due to the large number of particles inside the discharge pipe, there are: 
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When the slurry flow motion inside the pipe becomes stable, the equation of motion of a single solid particle 
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DF and hF are the drag force of the solid particles from the muddy fluid and other solid particles, and they 
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where
ed is the equivalent sphere diameter of the solid particle, DrC is the resistance coefficient based on the 
velocity difference 
W sv v− ,Re is the particle Reynolds number,  and  are the Swanson shape coefficients of the 
solid particle, n is the prime number, 
bW is the effective gravity force of the solid particles in 
water; ( )3 / 6b e sW d g  = −  used in the calculation. 
 
2.3 Particle-particle and particle-pipe wall interactions 
The combination effect of the particle motion, the particle-particle collision, the particle and the pipe wall 
interaction will affect the particle moving into the muddy fluid of the surrounding continuous phases. The energy 
transfer and the momentum transport are all simulated using the discrete element method. As the particle-particle 
collision and the particle/wall surface interaction do not cause significant plastic deformation of the particle itself, 
we consider either a hard particle contact model [25-26] and/or a ‘wet’ particle contact model [27]. The interaction 
between particle-particle and particle-pipe wall must also satisfy the Newton's second law. Within this context, 
while the particles are moving inside the pipe, the surface of the particles must adhere with the surrounding 
muddy fluid. As a result, the surface of the particles becomes sticky. Therefore, the JKR variant of the 
Hertz-Mindlin Cohesion model [28] is adopted for the calculation of particle-particle collision, and the particle and 
the Hertz-Mindlin (no-slip) method is employed for the calculation of the particle and the pipe wall interaction. 
The former was chosen to simulate viscous effect of particles in the pipe because it is a cohesive contact model. It 
can consider the influence of Van der Waals forces in the contact area and allow the user to simulate fluids of high 
viscosity. The calculation is made by evaluating the tangential elastic force, the normal dissipation force and the 
tangential dissipating force, respectively. 
The normal force is based on the overlapped amount  , the interaction parameter  and the surface 
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where *E is the equivalent Young's modulus and *R is the equivalent radius of the particle. 
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This model provides attractive cohesion, even if the particles are not in direct contact. The maximum gap 
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When the condition of c  is satisfied, the model recovers to its original format. When the particles are not 
actually in direct contact and the spacing of the gap is less than c , the cohesive force reaches a maximum value. 
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Additionally, the Hertz-Mindlin (no-slip) model is used to predict for the interaction of the pipe wall and the 
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*E is the equivalent Young's modulus; *R is equivalent radius; 
1 2,E E are Young's modulus of the particle and the pipe ; 1V and 2V are the velocity of two particles in contact; 
1R and 2R are the radius of the particles in contact, respectively. 
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is the equivalent mass, rel
nv is the normal component of the relative velocity between the 
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where e is the coefficient of restitution. Tangential force tF depends on tangential overlap and tangential stiffness: 
t t tF S = −            ,    (25) 
where
* *8t nS G R = .            
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where rel
nv is the tangential component of relative velocity. 
 
For the rolling friction, Hertz-Mindlin (no-slip) method is considered by applying a shear moment to the 
contact surface as r nF R  = − , in which μr is the rolling friction coefficient; R is the distance from the contact 
point to the centroid of particle,   is the unit acceleration vector of the particle at the contact point, respectively. 
 
2.4 CFD-DEM coupling process 
For the solid and flow coupling process, the first step is to calculate the flow field by CFD model via Fluent 
solver. Once the flow field converges to a steady-state, the flow field data are imported to the EDEM code through 
the I/O interface. Then, the EDM model applies flow forces predicted by CFD simulation to the particles and 
compute the particle motion and trajectory by the EDEM code. Once the EDEM calculation is completed, the 
information of particle’s new position, velocity, and acceleration will be transmitted back to the ANSYS Fluent 
through the I/O interface. The Fluent software calculation continues based on these received EDEM data. At this 
point, the particle information are used as a sink source in the momentum equation for the fluid flow. This cycle 
continues until the coupling calculation is completed eventually [31] (see, e.g. Figure 1). 
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Figure 1 CFD-DEM coupling calculation process. 
 
3 Pipe model and parameter settings 
3.1 Pipe model 
The pipe adopts two transitional forms. The pipe diagram is shown in Figure 2, where G is the direction of 
gravitational acceleration.  
       
  (a) Circular transition curve        (b) Elliptic transition curve 
Figure 2 Schematic diagram of the pipe illustrating (a) circular pipe; (b) Elliptic pipe.  
In the process of pipe pulping, the direction changes of the pipe are essential for flow movement. When the 
pipe tuning angle is fixed at 90°, the variation of the bending radius of the pipe will have impacts on the motion of 
particles inside the pipe. To evaluate and compare, this study considers the bending radius of 1 time, 2 times, 3 




(a) 0.3 m bend      (b) 0.6 m bend      (c) 0.9 m bend 
 
(d) 1.2 m bend      (e) 1.5 m bend      (f) 1.8 m bend 
 
Figure 3 The pipe bending diameter is an integer multiple of the pipe diameter. 
 
When the muddy fluid is flowing inside the pipe, the fluid velocities will alter due to the change of the pipe 
direction. Due to inertia, particles in the pipe will have tendency to continue to move along the original direction, 
and thus particles will inevitably collide with the pipe wall. To minimize this effect, the pipe can be designed 
using a transitional bending shape, so that the direction of the slurry flow in the pipe can be gradually changed 
along the bend. This will further influence the velocity vector of the particles in the pipe to avoid drastically 
direction change. Overall, this will reduce the collision of the particles with the pipe wall. Figure 4 shows a sketch 
of a 3D pipe model with different transitional bends of elliptic shape. 
 
 
(a) 0.5 m-0.9 m      (b) 0.5 m-1.2 m      (c) 0.6 m-1.5 m 
 
(d) 0.6 m-1.8 m      (e) 0.9 m-1.8 m      (f) 0.9 m-2.1 m 
Figure 4 The curve of the pipe is an elliptic transition curve. 
 
3.2 Physical parameters of the gravel particles 
Based on analysis of onsite samples collected from the actual tunneling places, a set of the particles and other 
physical parameters are defined in the following Table 1. These parameters will be used in the calculation unless 
otherwise stated. 
 
Table 1 Basic parameters 
Physical properties Symbol Unit Value 
Particle density 0  Kg/m3 1500 
Particle-particle static 
friction coefficient 
f 1 0.3 
Young's Modulus of 
Particles 
Y0 Pa 1.2e+10 
Poisson's ratio of particles 0  1 0.25 
Density of the pipe 1  Kg/m3 7800 
Young's modulus of pipe 
material 
1Y  Pa 2.0e+10 
Poisson's ratio of pipe 1  1 0.3 
Particle-particle dynamic 
friction coefficient 
0  1 0.2 
Particle-particle recovery 
factor 
1e  1 0.01 
Particle-pipe static friction 
coefficient 
1  1 0.2 
Particle-pipe dynamic 
friction coefficient 
2  1 0.545 
Particle-pipe recovery factor 2e  1 0.01 
Particle surface energy K J 5 
Gravity acceleration G m/s2 9.81 
Rate of particle generation n 1 2000 
 
4 Simulation Results and Analysis 
To simulate the flow motion of gravel and mud mixture, the following assumptions are made, i.e. to ignore 
the pipe pressure loss, mainly because only a small section of the pipe is taken for investigation. This means the 
pressure along the pipe is constant at 5bar and the flow rate is 80m3/h. 
In case of different pipe bending radii and shapes, the production speed and the shape of the particles are also 
the same, that is, the shape and the numbers of particles that enter the pipe within a unit of time are the same. The 
physical properties of the slurry in the pipe and the initial velocity of the slurry are also the same. Under these 
conditions, the number of colliding particles, the number of contacts, the mass of the particles, the tangential 
energy loss of the particles, the velocity of the muddy fluid in the pipe, the total pressure, and the turbulence 
intensity of the mud will be compared and analyzed under different pipe shape conditions, in order to determine 
the influence of the pipe bending radii and shape on the motion of the slurry and the particles, and also their 
impact on the pipe wear and tear. 
4.1 Particle motion characteristics analysis 
Because of the same production rate of particles in the pipe and the physical properties of the particles, the 
boundary conditions of the slurry flow in the pipe are kept the same. Thus, the effect of the pipe bending shape 
change on the performance of the pipe slag discharge can be analyzed by comparing the motion characteristics of 
the particles after the flow passing the pipe bend. Figure 5 gives predicted mass in relation to the pipe bend of 
elliptic curve, e.g. 0.5-0.9 representing the minor diameter of the transitional ellipse with a diameter of 0.5 m and 
the major diameter of 0.9 m. This definition also applies for other five bending pipes, respectively. For the pipe 
bend with circle shape, as the inner diameter of the pipe is 0.3 meters, 1 time the diameter of the pipe means that 
the diameter of the transition circle of the pipe at the turn is 0.3 meters, and 2 times the diameter of the pipe means 
that the diameter of the transition circle of the pipe at the turn is about 0.6 meters. The following is the predicted 
motion characteristics of the particles in the pipe for several selected cases. 
 
 
Figure 5 The total mass of the particles in the pipe. 
Figure 5 shows the predicted total mass of particles in the pipe after the fluid flow is converged under 
different pipe shapes. Curve 1 indicates the mass of the particles in the pipe at different transitional bends (i.e. 
elliptic bending shape, note same notation used later), and curve 2 indicates the mass of the particles in the pipe at 
a multiple of the diameter of the different pipes (i.e. circle bending shape, note same notation used later). It can be 
seen from curve 1 that when the transition radius is larger than the pipe diameter, the mass of the particles in the 
pipe has little change after the fluid flow being ‘stabilized’ in the pipe. For curve 2, when the diameter of the pipe 
is 1 time the diameter of the pipe, the mass of the particles in the pipe reaches the maximum; When the diameter 
of the pipe is no less than twice of the diameter of the pipe, the mass of the particles in the pipe has little change 
with the increase of the pipe diameter. 
 




























Pipeline shape  
Figure 6 The number of particles and pipe contact. 
 
Figure 6 shows the number of contacts between the particles and the pipe wall for different pipe shapes when 
the fluid flow is stabilized and. It can be seen from curve 1 that while the ratio of the major to the minor axes of 
the ellipse shape increases, the number of contacts between the particles and the pipe wall has small variations. 
For Curve 2, the number of contacts between the particles and pipe walls in the pipe shows a gradual decrease 
until the point with four times of the diameter, then it becomes nearly constant.  
 

























Pipeline shape  
Figure 7 Collisions between particles and pipes. 
Figure 7 shows the number of collisions between gravel particles and with the pipe wall in the pipe after the 
fluid flow being stabilized. The curve with correspondent to pipeline shape over a number of particle collision has 
shown a decrease and increase tendency. For the curve 1, it was seen that the number of contacts between the 
particles and the pipe wall firstly increases and then decreases, as the ratio of the major to the minor axes of the 
ellipse shape increases. When ratio of major and minor diameters of the ellipse is 2 (i.e. 0.9-1.8 case), the number 
of collisions reaches a maximum value of [42.5?]. For Curve 2,  as the bending radius of the pipe is one time of 
the pipe diameter, the number of collisions reaches a maximum value of 50. This follows a sudden drop to 
minimum value of 35 when the pipe bending radius is two times of the pipe diameter. After that, the number of 
collisions increases steadily with the increase of the pipe bending radius. Therefore, it is concluded that when the 
bending radius of the pipe is 2 times of the diameter of the pipe, the collision between the particles and the pipe 
wall reaches the minimum level, which is beneficial to reduce the collision damage of the particles to the pipe 
wall. 
 


































Pipeline shape  
Figure 8 The ratio of the number of collisions to the number of contacts. 
 
Figure 8 shows the ratio of the number of collisions and the number of contacts between the particles and the 
pipe wall. For curve 1 and curve 2, the ratio of the number of collisions to the number of contacts shows a broad 
tendency of decreasing and then increasing features. For curve 1, when the transition radius of the pipe is 0.6-1.5, 
the ratio of the number of collisions and contacts is the smallest. For curve 2, when the bending radius of the pipe 
is 2 times of the diameter of the pipe, the ratio of the number of collisions between the particles and the pipe wall 
has the lowest value. Subsequently, the ratio increases with the increase of bending radius. 
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Pipeline shape  
Figure 9 Loss of tangential energy in collisions between particles and pipes. 
 
Figure 9 shows the tangential energy loss due to the collisions between particles and the pipe walls after the 
flow of muddy fluid in the pipe being stabilized. During the collision process, these tangential energy losses of the 
particles are converted into the work done by the friction between the particles and the pipe wall, and finally 
reflected by the wear and tear of the pipe walls. The more the tangential energy loss of the particles is, the greater 
the frictional wear/tear on the pipe walls would be. From the curve 1, it can be seen that as the ratio of the major 
to the minor axes of the ellipse shape increases, the tangential energy loss firstly increases and then decreases. 
When this ratio is 2 (i.e. 0.9-1.8 case), the tangential energy loss reaches a maximum value. For Curve 2, when the 
pipe bending radius is 2 times of the diameter of the pipe, the tangential energy loss of the particles is the smallest; 
when the pipe bending radius increases, the tangential energy loss increases accordingly. 
 
 
4.2 Analysis of the motion characteristics of slurry flow 
4.2.1 The motion of slurry flow for the bending radius of the pipe with circle shape  
 
 
(a) Middle section of the pipe 
 
 
(b) Cross section of the pipe 
Figure 10 Flow velocity contours of mud fluid in the pipe (m/s). 
 
Figure 10(a) shows the acceleration of muddy fluid flowing along the near-field of the bending pipe wall, 
evidenced by contours in red color scale. With the increase of the bending radius of the pipe, the velocity in the 
near-field of the pipe bends reduces; indicating mass flow rate of the mud reduces. From the velocity contours at a 
cross section of the pipe, it can be seen that the velocity of mud flowing through the pipe bend has a very large 
gradient when the bending radius of the pipe is one time of the diameter of the pipe. This rapid change between 
high-speed and low-velocity are formed around the center of the pipe. When the bending radius of the pipe is 2 
times of the diameter of the pipe, the difference between the high-speed and the low-speed flow becomes slightly 
less, and the trend of decreasing continues with the increase of the bending radius of the pipe. As a result, the 
0.5m           
scouring effect of mud in the pipe will be reduced with the increase of bending radius, which is beneficial to 
prolong the life of the pipe. 
 
 
(a) Middle section of the pipe 
 
(b) Cross section of the pipe 
Figure 11 Turbulence intensity (%) contours of mud fluid in the pipe. 
 
From Figure 11(a), turbulence intensity is weak initially at the pipe entry the turbulence intensity increases to 
maximum at the bend for pipe bending radius having 1 time or 2 times of the pipe diameter. The turbulence 
intensity becomes weakest for the pipe with bending radius larger than 3 times of the pipe diameter. From the 
cross-sectional contours (i.e. Fig. 11(b)), the turbulence intensity of the mud at the near pipe wall region in the 
circumferential direction is greater for all cases. However, when the bending radius of the pipe is 1 time and 2 
times of the diameter of the pipe, there are large areas in the near-field of the bends covered with higher 
turbulence intensity. This is due to the presence of fast-moving high-speed fluid. With the increase of the bending 
radius of the pipe, the turbulence intensity of the mud in the pipe is weakened in further. As the turbulence 
intensity is an indicator of the level of velocity fluctuations, high turbulence intensity means that rapid change of 
flow direction (such as 1 time or 2 times of bending radius) may lead to high shear around the bend. This high 
shear will trigger high level of flow fluctuations, echoed by high turbulence intensity level. 
 
 
(a) Middle section of the pipe 
 
 
(b) Cross section of the pipe 
Figure 12 Total pressure contours of mud in the pipe (bar). 
It can be seen from Figure 12 that with the increase of the pipe bending radius, the total pressure of the fluid 
in the pipe decreases, indicating energy loss possibly converting to heat or other means. It can be seen from the 
cross-section that with the increase of the bending radius of the pipe, the change of the total pressure gradient due 
to the mud passes through the bend is reduced gradually. , The higher total mud pressure is observed to  tends to 
concentrate in the pipe center for those pipes with larger bending radius , indicating an extended the life of the 
pipe. 
 
4.2.2 Analysis of Slurry Movement in the Pipe under Transitional (Elliptic) Curve 
 
 
(a) Middle section of the pipe 
 
(b) Cross section of the pipe 
Figure 13 Velocity of mud in the pipe (m/s). 
 
It can be seen from Figure 13(a) that for all six cases of transitional bends, the smoother the transition of the 
pipe around the bending cross section, the smaller the gradient of the velocity gradient of the mud in the pipe. 
From the cross section of the pipe (i.e. Fig. 13(b)), it can be seen that the gradient of the fluid velocity in the pipe 
is the smallest compared to other five cases when the transition ellipse shape pipe having a radius of 0.9-1.8, 
indicating that the erosion of the slurry by the mud would be less. 
 
 
(a) Middle section of the pipe 
 
 
(b) Cross section of pipe 
Figure 14 Turbulence intensity (%) contours of mud in the pipe. 
 
Figure 14 shows the turbulence intensity of mud fluid for the cases of transitional curved bends. While in 
comparing Figure 14 and Figure 13, it can be seen that in the region where the velocity of the mud fluid in the 
pipe is smaller, the turbulence intensity is higher, and vice versa. 
 
 
(a) Middle section of the pipe 
 
(b) Cross section of the pipe 
Figure 15 Total pressure of mud in the pipe (bar). 
 
From Figure 15, it can see that for the case with transitional curve of 0.9-1.8, the total pressure variation in 
the pipe is relatively small, compared to other five transitional cases, indicating less total pressure loss for this 
configuration. From Fig. 15(b), when the pipe transition ellipse curve is 0.9-1.8, the total pressure has shown less 
variation cross the pipe, in consistent with that seen in Fig. 15(a). 
By comparing and analyzing the motion characteristics of the particles in the above 12 kinds of pipes, it can 
be known that increasing bending-diameter ratio of the pipe can’t reduce the collision between particles and the 
pipe, and reduce the pipe wear, but it can weaken the mud turbulence in the pipe. Under the initial conditions of 
this paper, when the pipe diameter to diameter ratio is 2, it has shown the most beneficial to prolong the life of the 
pipeline, which is beneficial to the discharge of particles in the pipeline. When the ratio of the long diameter to the 
short diameter of the ellipse is 2, the collision of the particles on the pipeline is the most severe, which is 
unfavorable for prolonging the life of the pipeline and has little effect on the slagging performance. Such a 
pipeline structure should be avoided. 
 
5 Conclusions 
Based on the comparison and analysis of the movement characteristics of particles and mud flow in six 
different bending radii and six different bending shapes of a 90o tuning pipe using CFD-DEM methodology, the 
following conclusions can be drawn:  
For a circular bending shape, when the pipe bending radius is 2 times of the pipe diameter, this pipe 
configuration will be the most conducive in terms of the discharge of slag within the pipe, which can reduce the 
wear and tear of the pipe walls and extend the service life of the pipe.  
For an elliptic bending shape, when the ratio of the major to the minor axes of a transitional curve of the pipe 
is 2, this pipe configuration will be the least conducive in terms of the discharge of the slag within the pipe. This 
layout should be avoided when designing the pipe bends. 
Due to the coexistence of viscous mud and slag particles in the pipe, the movement of mud and scum in the 
pipe could be more complicated in real applications. In fact, the slag particles move under the combined influence 
of gravity, buoyancy, inertia forces of the muddy, in addition to high turbulence trigger over the rapid bending area. 
Through the simulations presented in this study, the relation between the bending radius of the pipe that is the 
most beneficial to the pipe slagging, and the flow characteristics has been obtained quantitatively and qualitatively, 
which lays the solid foundation for further investigations. The future work could be theoretical studies to illustrate 
the particle movement mechanism under the effect of viscosity of the mud, which will also help to reveal the 
interactions between the particle motion and the muddy turbulence flow. 
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